The endocytosis of the T cell differentiation antigen CD4 has been investigated in CD4-transfected HeLa cells, the promyelocytic HIr60 cell line, and in a number of leukemia-or lymphoma-derived T cell lines. CD4 internalization was followed using radioiodinated antibodies in an acid-elution endocytosis assay, or by covalently modifying cell surface proteins with biotin and analyzing CD4 distributions by immunoprecipitation ; both approaches gave equivalent results. The assays demonstrated that in transfected HeL2 cells and in HIr60 cells CD4 was constitutively internalized and recycled in the absence of ligand . Immunogold labeling and electron microscopy demonstrated that CD4 enters cells through coated pits.
The endocytosis of the T cell differentiation antigen CD4 has been investigated in CD4-transfected HeLa cells, the promyelocytic HIr60 cell line, and in a number of leukemia-or lymphoma-derived T cell lines. CD4 internalization was followed using radioiodinated antibodies in an acid-elution endocytosis assay, or by covalently modifying cell surface proteins with biotin and analyzing CD4 distributions by immunoprecipitation ; both approaches gave equivalent results. The assays demonstrated that in transfected HeL2 cells and in HIr60 cells CD4 was constitutively internalized and recycled in the absence of ligand . Immunogold labeling and electron microscopy demonstrated that CD4 enters cells through coated pits.
In contrast to the nonlymphocytic cells, T cell lines showed very little endocytosis of CD4 . Measurements of fluid phase endocytosis and morphometric analysis of the endosome compartment indicated that the endocytic capacities of HeLa and lymphoid cells are equivalent and suggested that the low level of CD4 uptake in lymphocytec cells is due to exclusion of CD4 from coated pits. This conclusion was supported by experiments using truncated CD4 molecules, lacking the bulk of the cytoplasmic domain, which were internalized equally efficiently in both transfected lymphocytes and HeLa cells . Together, these results indicate that the cytoplasmic domain of CD4 mediates the different interactions with the endocytic apparatus in lymphoid and nonlymphoid cells. We suggest that the CD4-associated lymphocyte-specific protein tyrosine kinase p56" may be involved in preventing CD4 endocytosis in T cells. C D4, the T lymphocyte differentiation antigen (1, 2) and receptor for the human immunodeficiency viruses (HIV-1 and -2; reference 3), is expressed primarily on T cells restricted to the class II major histocompatibility complex (MHC-11)1 , and on some cells of the macrophage/monocyte lineage (4) . Although its function in the latter cells is not clear, CD4 is involved in thymocyte ontogeny and in the activation of peripheral T cells (5) . In these events it appears to function in two ways. First, it increases the avidity of low affinity interactions between the TCR and MHC-II/antigen complexes by binding to nonpolymorphic regions on the MHC-11 molecule (6, 7) . Second, CD4 may have some intrinsic signalling capacity, as T cell stimulation through the TCR/CD3 complex can be inhibited by certain anti-CD4 monoclonal antibodies (8) (9) (10) and, in T cells, CD4 is found associated with the tyrosine kinase p56kk (11, 12) .
For both MHC-II binding and signal transduction thefunctional site for the CD4 molecule appears to be at the plasma ' A bbreviations used in this paper. BM, binding medium ; HRP, horseradish peroxidase; MHC-II, class II major histocompatibility complex; Sv, surface to volume ratio; Vv, volume density. membrane, and published data suggest that in T cells CD4 is only internalized after T cell activation or treatment with phorbol esters (13) (14) (15) . These findings appear to conflict with our own observation that CD4 is constitutively internalized and recycled when expressed in CD4 cDNAtransfected HeLa and NIH-3T3 cells (16, 17) , suggesting that either the interaction of CD4 with the endocytic pathway varies in different cell types, or that the antibody ligands we used to trace CD4 in HeLa cells induced internalization .
To clarify this issue, we have further characterized the endocytosis of CD4 in transfected HeLa cells and extended these studies to a number of leukemia-or lymphoma-derived T cell lines and the promyelocytic cell line HIr60. Here we show that in nonlymphoid cells cycling of CD4 occurs in the absence of ligand and involves coated pits. In contrast, CD4 is excluded from coated pits in lymphocytec cell lines and is not internalized efficiently. However, CD4 molecules from which the cytoplasmic domain has been deleted are internalized with equal efficiency in both transfected T cells and HeLa cells, indicating that the cytoplasmic domain of CD4 is involved in regulating CD4 endocytosis.
Materials and Methods
Materials. The anti-CD4 antibodies Leu3a (Becton Dickinson and Co ., Mountain View, CA) and 4120 (provided by P. Beverley, Imperial Cancer Research Fund Human Tumour Immunology Group, University College, London, U.K .) compete for CD4 binding and appear to recognize the same or overlapping epitopes on the first Vlike Ig domain of CD4. Both antibodies inhibit HIV gp120 binding to CD4 and behave identically in our endocytosis assays. The anti-CD4 antibody OKT4 (Ortho Diagnostic Systems, Raritan, NJ) binds to a distinct epitope on the third or fourth Iglike domain of CD4. Antibodies and streptavidin were radioiodinated as described (16) . Protein A-gold (9 nm) was prepared as described (18) . Unless otherwise stated, all other reagents were from Sigma Chemical Co . (Poole, Dorset, UK .) .
Cell Lines and Cell Culture HeLa cells and C134-transfected derivatives (HeLa-CD4 and HeLa/CD4-cyt402; references 19, 20) were grown in DMEM supplemented with 4% FCS, 100 U/ml of penicillin and 0.1 mg/ml streptomycin, and used 3 d after subculture, when cell surface CD4 expression was maximal (N2 x 105 and ti4 x 105 molecules per cell for HeLa-CD4 and HeLa/CD4-cyt402, respectively) . The lymphocytic cell lines SupT1 (21) and CEM (22), as well as the CEM-derived A3.01, A2 .01/CD4-ryt399, and A2 .01/CD4-cyt401 lines (23) and the human promyelocytic leukemia cell line HIL60 (24) were grown in RPMI 1640 supplemented with 10% FCS, penicillin, and streptomycin as above, and used for experiments when they were growing exponentially. Under these conditions, SupT1 and CEM (or A3 .01) cells expressed tit x 105 and -8 x 10^cell surface CD4 molecules per cell, respectively, while the A2 .01/CD4-ryt399 and A2 .01/CD4-cyt401 cell lines had -1.6 x 105, and HL-60 -2 .5 x 10°molecules of -CD4 per cell. The CD4-transfected cell lines (HeLa/CD4-cyt402, A2 .01/CD4-ryt399, and A2 .01/CD4-cyt401) were grown in the presence of 0.4-1.0 mg/ml G418 (Gibco BRL, Paisley, Scotland).
Production ofAnti-CD4 Antiserum. Antiserum to CD4 was produced by immunizing New Zealand White rabbits intradermally with 40 Erg recombinant soluble CD4 secreted from transfected CHO cells (reference 25 ; provided by Dr. R. Sweet of SmithKline Beecham Pharmaceuticals, King of Prussia, PA) in CFA andboosting at 2-wk intervals with 20 lAg soluble CD4 in IFA. The resulting serum contained antibodies that bound to soluble CD4 on Western blots, recognized CD4* but not CD4-cells by indirect immunofluorescence, competed with '25I-Leu3a binding, and efficiently immunoprecipitated CD4 from SupT1 cells (26) .
Endocytosis Assay with 1251-labeled Antibodies. Internalization of CD4 in adherent cells was measured as described (16) . For suspension cells the assay was adapted as follows. Cells were washed at 4°C with binding medium (BM; RPMI 1640 lacking bicarbonate, supplemented with 0.2% BSA and 10 mM Hepes, pH 7.4) and incubated with 0.3-1 .5 nM 125 I-labeled Leu3a or 4120 antibody for 2 h at 4°C. Unbound "I-antibody was removed by washing three times by centrifugation (5 min at 1,500 rpm in an MSE Chillspin) and resuspension . The cells were then divided into two portions, one of which was kept over ice while the other was incubated at 37°C . After various times, duplicate aliquots of cells were withdrawn, cooled by dilution with ice-cold BM, and collected by centrifugation . To determine the proportion of internalized "5I-antibody, cells from one aliquot per time point were suspended in low pH medium (cold BM adjusted to pH 2 with 10 mM morpholinoethanesulfonic acid and HCI) to remove cell surface ligand. The cells from the other aliquot were suspended in cold BM, pH 7.4 . After incubating for 5 min on ice, triplicate aliquots of cells from each sample were collectedby centrifugation through acushion of 5% BSA in PBS. The supernatant and BSA cushion were re-
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Endocytosis of CD 4 moved, and the amount of 121 1-antibody remaining in the cell pellets was measured by y-counting. Cell Surface Biotinylation Endocytosis Assay. HeLa and HeLa-CD4 cells were removed into suspension by incubating in 5 mM EDTA in PBS for 15 min at 37°C . Suspension cells were collected by centrifugation (5 min at 1,400 rpm in an MSE Chillspin) . Cells were washed once in ice-cold PBS and suspended in freshly prepared 0.5 mg/ml N-hydroxysuccinimidyl-LC-biotin (NHS-LC-biotin ; Pierce and Warriner, Chester, Cheshire, U.K.) in PBS at 10' cells/ml . After labeling for 30 min at 4°C with constant gentle agitation, cells were collected by centrifugation and washed twice in 0.2 M glycine in PBS. Cell viability was checked after labeling using trypan blue; usually >85% of the cells excluded the dye.
Surface-biotinylated cells were suspended in cold BM, divided into equal aliquots of 2 x 10' cells and stored on ice or incubated at 37°C in a water bath . At various times, duplicate samples were cooled on ice and collected by centrifugation . From one of these samples, surface labelwas removed by suspending the cells in 0.15% bovine pancreatic trypsin (TPCK-treated) for 15 min at 4°C, and then washing twice in 2 mg/mI soya bean trypsin inhibitor in PBS. The resulting cell pellets were lysed at 4°C in 2% NP-40 (Pierce and Warriner) in 20 mM Tris-HCL, pH 8.0, containing 150 mM NaCl, 2 mM EDTA, and protease inhibitors (aprotinin, 6 U/ml ; PMSF, 2 mM ; antipain, 10 lAg/ml ; chymostatin, 10 Ag/ml; leupeptin, 20 ug/ml; and pepstatin A, 10 lAg/ml). Insoluble material was removed by centrifugation at 4°C at 10,000 g for 15 min. The post-nuclear supernatants were used directly or stored at -70°C. Lysates were preabsorbed by incubation with 20 td of a nonspecific rabbit serum and cleared with 2 x 25 pl of packed protein A-sepharose CIL4B beads. For specific immunoprecipitation of CD4, lysates were incubated at ambient temperature (ti22°C) with 20 pl rabbit anti-sCD4 serum for 1 h. Protein A-Sepharose beads (50 1A1 packed volume) were then added and the incubation continued for 2 h (or overnight at 4°C) with constant agitation. Reprecipitation of lysates with anti-CD4 serum showed that this procedure consistently removed -90% of the CD4 present in the lysates (26) . Beads with adsorbed CD4 were collected by centrifugation and washed by suspending twice in 0.3 M NaCl in 12 .5 mM potassium phosphate buffer, pH 7.4, twice in mixed micelle buffer (10 mM Tris-HCI, pH 8.0, containing 0.3 M NaCl, 0.1% SDS, and 0.05% Triton X-100; Pierce and Warriner), and twice in distilled water. The precipitates were eluted with sample buffer, separated on 10% SDS polyacrylamide mini-gels, and transferred onto nitrocellulose (Schleicher and Schnell, Dassel, FRG) . After quenching overnight in PBS containing 2% polyvinylpyrrolidone and 0.2% fatty acid-free BSA, blots were probed with 12 II-streptavidin and exposed to Kodak X-OMAT AR film for autoradiography. For quantitation, '2'1-streptavidin levels were determined by excising the labeled bands from the blots and 'y-counting.
Measurement ofFluid Phase Endocytosis. Fluid phase endocytosis of HeLa-CD4 cells was measured using 5 mg/ml horseradish peroxidase (HRP, type II) in DMEM as described (27) . Suspension cells (SupTI and CEM) were collected by centrifugation, washed once in RPMI 1640, and suspended in pre-warmed or ice-cold medium containing 10 mg/ml HRP At various times aliquots (N10' cells/point) were withdrawn and immediately diluted in cold BM. Cells were washed in the cold by suspension and centrifugation twice in BM, once in BM without BSA, and once in PBS. Viability was tested on one sample using trypan blue ; usually, >95% of the cells excluded the dye. All remaining cell pellets were dissolved in PBS containing 0.5% Triton X-100. Levels of HRP in all cell lysates were determined using o-dianisidine in a microtitre plate assayessentially as described (28) . Cell protein was measured using bicinchoninic acid (Pierce and Warriner) as described (29).
Electron Microscopic Localization ofCD4 . For electron microscopy, Hela, HeLa-CD4, or HeLa/CD4-cyt402 cells were seeded onto Thermanox plastic coverslips (Miles Scientific Div., Naperville, IL) and grown to confluence for 3 d. Lymphocytic cells were labeled in suspension. Cells were cooled and incubated on ice for 2 h with Leu3a or OKT4 (8 nM) . Excess antibody was washed away, and the cells were labeled with protein A-gold . After 2 h, the cells were washed and either kept on ice or allowed to endocytose antibody-gold complexes at 37°C for various times. Cells were cooled by washing with ice-cold PBS and fixed on ice in 2 .5% glutaraldehyde (BDH Ltd., Poole, Dorset, U.K.) in PBS. Cells were postfixed in osmium tetroxide, embedded in Epon, and thin sections were examined after staining with uranyl acetate and lead citrate.
Measurement of Coated Pit Densities. Densities ofcoated pits were measured on HeLa-CD4 cells harvested by incubation with 5 mM EDTA, or on exponentially growing CEM or SupT1 cells . Cells were fixed in 2 .5% glutaraldehyde in 50 mM cacodylate buffer, pH 7.2, as described (30), to enhance the visibility of the clathrin coat. After embedding in Epon and sectioning, the ratio of coated pits to the total plasma membrane was estimated from the ratio of the number of intersections of a double-lattice grid (1364 from Weibel, reference 31) with coated pits to those over the whole plasma membrane (27).
Morphometry of SupIl Cells. Two independent methods were used to determine the mean cell volume of fixed SupT1 cells . First, 1 um semi-thin sections of Epon-embedded SupT1 cells were prepared and random micrographs taken at a primary magnification of x1360 . A grid of systematic test points was placed over the micrographs . For each point found over a cell, the intercept was measured with a ruler according to Gundersen and Jensen (32) . This method makes no assumptions about cell shape, but since its predictions are volume weighted, it may overestimate the mean cell volume by as much as 10% (32, 33) .
The second method assumes that the cells are spheres . Random electron micrographs of sections of Epon-embedded SupTl cells were taken at a primary magnification of x952 and enlarged to x3,895 . The diameters (d) of the cells were estimated using a ruler or a circular stencil . The diameters were classified into a histogram and corrected for underestimations ofthe smaller values (according to the method from Giger and Riedwyl, as described in reference 31) . The mean diameter (D) was then calculated using the formula : D = ir/2Z, where Z = 1/N E n/d (34) . N is the total number of profiles counted, and n is the number of profiles in each size class. The mean cell volume of HeLa-CD4 cells was determined using Method 2 of Griffiths et al . (33) .
To measure the size of the endosome and lysosome compartments in SupT1 cells, exponentially growing cultures were harvested by centrifugation, washed once in warmed RPMI 1640, and incubated at 37°C in medium containing 10 mg/ml HRP type VI . The cells were incubated for 5 min or 4 h in order to selectively label the early endosomes or the whole endocytic pathway, respectively (27). Control cells were incubated with HRP medium at 4°C. The cells were then fixed, reacted with 0 .1% diaminobenzidine and H202 and embedded in Epon as described in reference 27 . The volume density of the HRP-filled compartments was estimated stereologically by point counting as described (27). A doublelattice test grid (1364) was used, with the distance between the large test points = 60 mm (1 .83 Am at the magnification used) and that between the small test points = 5 mm (0.15 um).
To measure the volume density (Vv) of the nucleus and the sur-577 Pelchen-Matthews et al.
face to volume ratio (Sv; references 27, 33) of SupT1 cells, micrographs were taken at a primary magnification of x2700 and enlarged to a final magnification of x11,030 . The Vv was estimated from point counting using a square lattice grid (d = 40 mm ; =3.63 um), while the Sv was calculated, using the same grid, by relating the number of intersections with the plasma membrane to the points falling on the cells .
Results
Endocytosis ofBiotinylated CD4. We have previously shown that the anti-CD4 monoclonal antibody Leu3a or its Fab' fragments are constitutively internalized and recycled in HeLa-CD4 cells (16) . To examine whether CD4 is internalized and recycled in the absence of ligand, we developed an alternative endocytosis assay in which cell surface proteins on CD4+ cells were covalently modified with biotin . CD4 was subsequently identified by immunoprecipitation with a specific anti-C134 antiserum .
HeLa-CD4 cells were labeled using NHS-LC-biotin in PBS at 4°C, lysed in detergent and CD4 immunoprecipitated with a rabbit anti-CD4 antiserum . After SDS-PAGE, transfer to nitrocellulose and probing with 125 I-streptavidin, biotinylated CD4 was detected as a single band of "54,000 MI . This band was precipitated only from CD4+ cells, but not from untransfected HeLa cells, and was not observed when lysates were precipitated with a nonspecific rabbit serum, or with anti-CD4 serum which had been preincubated with soluble CD4 (26). Furthermore, precipitation from biotinylated HeLa/CD4-cyt402 cells, which express a mutant form of CD4 from which the cytoplasmic domain has been deleted (see below), revealed a band with N4 kD lower molecular mass (not shown) .
We investigated the ability of biotinylated CD4 to internalize during incubation of cells at 37°C. For this assay, HeLa-CD4 cells were removed into suspension by incubation with EDTA so that a large number of cells could be labeled in a small volume of NHS-LC-biotin solution in the cold . Control experiments demonstrated that the kinetics of 125 I-Leu3a uptake were the same when the cells were attached to plastic or in suspension (26). After biotinylation, cells were warmed to 37°C for various times to allow redistribution of labeled cell surface molecules, including CD4 . To distinguish between internalized and cell surface CD4, cells were subsequently treated at 4°C with trypsin, which cleaves at several sites in the ectodomain of CD4 (35, 36) . Cell lysates were prepared, and CD4 was immunoprecipitated and analyzed as described above .
Intact CD4 was readily precipitated from lysates of biotinylated HeLa-CD4 cells kept over ice, but could not be detected when the cells were treated with trypsin prior to lysis (Fig . 1 a, lanes 1 and 2) . If biotin-labeled cells were warmed to 37°C for various times before trypsinization and lysis, a proportion of the CD4-biotin became trypsin resistant (lanes 4, 6 and 8) and must therefore have been internalized into a compartment protected from the externally applied protease. When the internalized material was quantitated by excising the 1251-streptavidin-labeled bands from the blots 125 1-streptavidin labeled bands were excised from the blot in a and bound radioactivity in total (lanes 1, 3, 5, and 7; O) or trypsinized samples (lanes 2, 4, 6, and 7 ; " ) estimated by y-counting. In this experiment, the cells had been trace labeled with 35S-methionine to allow correction for differences in sample volumes, and for cell losses during the trypsinization step. When these corrections were applied, the plateau level of internalized (trypsin-resistant) CD4 at 30 and 60 min was 40% of the total cellular CD4-biotin.
and .y -counting, it was found that the amount of trypsinresistant material increased to a plateau of -40% in 30-60 min (Fig. 1 b) . This value is very similar to estimates of CD4 internalization obtained using 125 1-Fab' fragments of Leu3a or 125 1-Leu3a on attached HeLa-CD4 cells, thus confirming that the endorytosis of CD4 detected previously (16) occurs constitutively and independently of the presence of monoor divalent ligand .
Endocytosis of CD4 on Naturally CD4+ Cell Lines. The uptake of CD4 described above and previously (16) has been observed in transfected nonlymphoid cells. Since CD4 is normally expressed in lymphoid cells and on some cells of the macrophage/monocyte lineage, it was important to establish whether constitutive CD4 endorytosis and recycling also occurs on cells naturally expressing CD4 . For these experiments we used an antibody-based endorytosis assay (16) in which cell surface CD4 is labeled in the cold with a soluble radioiodinated anti-CD4 monoclonal antibody. Antibodylabeled CD4 is then allowed to internalize by warming the cells to 37°C. Subsequently, the total cell-associated activity is measured or, alternatively, cell surface 125 1-antibody is removed with an acid wash, leaving only internalized activity. 578 Endocytosis of CD4
The result of a typical 125 I-antibody endocytosis experiment with the promyelocytic cell line HL60 is shown in Fig .  2 . Endoctosis of CD4 could readily be demonstrated in these cells. CD4 was internalized at a rate of N3% per min, reaching a plateau with 40% of the initial cell surface CD4 in an intracellular compartment . Endoctosis of the 125j labeled 4120 antibody was also observed when cells were labeled in the presence of a large excess of a nonspecific antibody of the same subclass as 4120, indicating that the uptake of 125 1-antibody did not occur via Fc receptors. The pattern of CD4 endorytosis on HL60 cells is very similar to that observed in CD4-transfected HeU and NIH-3T3 cells (16, 17) .
To analyze CD4 endorytosis in T cells we studied SupT1 cells, which express a high level of CD4 (ti105 CD4 molecules/cell), and several other T lymphoma or leukemia lines . Endoctosis experiments with 115 1-Leu3a revealed only a very low level of CD4 uptake in SupT1 cells (Fig. 3) . When the level of acid-resistant 125 I-Leu3a was calculated as a proportion of the total cell-associated activity (Fig. 3, inset) , a small, but reproducible increase in acid-resistant activity could be observed . However, the steady-state level of acid-resistant activity was never >5-8% above the base level observed on cells which were kept at 0-4°C. Similar results were obtained with CEM and MOLT-4 cells and, significantly, with an RPMI T cell line, which only expressed CD4 after transfection with the same CD4 construct used to generate the Hela-CD4 cells (19).
Since the measurement of these low levels of internalization may be complicated by the dissociation of bound 125 1-Leu3a from the cells, we also assayed CD4 endorytosis with the biotinylation/immunoprecipitation method (Fig. 4) . As with the HeU-CD4 cells, CD4-biotin on SupT1 cells was completely sensitive to trypsin treatment (Fig. 4 a, lane 2) , but a trypsin-resistant band of internalized CD4-biotin appeared when the cells were warmed to 37°C (lanes 4, 6, 8, and 10) . Quantitation by excising the bands from the blots and .y counting (Fig . 4 b) revealed internalization to an equilibrium of between 5 and 10% of the initial cell surface CD4, corresponding closely to the levels of internalization detected with radioiodinated antibody. Low levels of C134-biotin endocytosis could similarly be demonstrated on CEM and C8166 cells (not shown) . Thus, endocytosis of CD4 could be detected in a number of lymphocytic cell lines, but the levels of uptake were always five-to eightfold lower than those observed on HeLa-CD4 cells, suggesting that the endocytosis of CD4 differed between lymphoid and nonlymphoid cells . Although the reasons for these differences are unclear, two possibilities are that there may be differences in the endocytic capacities of the various cell types or in the interaction of CD4 with the endorytic apparatus. To distinguish between these possibilities, we first established the mechanism of CD4 internalization in HeLa-CD4 cells, and subsequently investigated the endorytic capacities of the various cell types.
Electron Microscopic Localization of CD4 During Endocytosis in Transfected HeLa Cells. Since CD4 is internalized constitutively in HeLa-CD4 cells in thepresence or absence of ligand, we examined the route of uptake by electron microscopy. HeLa-CD4 cells were labeled on ice with Leu3a, excess antibody was washed away, and the cells were incubated with protein A-gold . After washing to remove the free gold conjugate, the cells were fixed and prepared for electron microscopy. Although only low densities of gold particles were observed (30-50 per HeLa-C134 cell profile, which represents labeling of -10% of the CD4 molecules), the labeling was specific, 579 Pelchen-Matthews et al . since less than two particles per five cell profiles were observed on untransfected HeLa cells or on HeLa-CD4 cells incubated without the Leu3a antibody. Examination of the distribution of the gold particles revealed labeling of the plasma membrane and microvilli, with occasional particles in coated pits (Fig. 5 a) . When the distribution was analyzed quantitatively, by examining cell surfaces and noting the location of every gold particle encountered (Table 1) , 4 .5% of the particles were adjacent to clathrin-coated areas of the plasma membrane . Since this pattern of labeling was observed on cells which were cooled before the addition of Leu3a and kept on ice throughout the incubation, it presumably reflects the steady state distribution of CD4 on the cell surface . Internalization of CD4 was studied morphologically by warming cells which had been labeled as described above to 37°C for various times, and then fixing and processing for electron microscopy. Control experiments in which the kinetics of 115 1-Leu3a uptake were examined after incubation with protein A-gold showed that internalization of the antibody was not affected by the gold probe (data not shown) . When cells were warmed for 2 min, the distribution of gold particles observed at the cell surface was essentially identical to that on cells kept over ice, except that some particles were found in coated vesicles (Fig. 5 b) . In addition, some gold particles were observed in intracellular smooth vesicular structures. By 5 min, 15% of the gold particles had been internalized into endosomal tubulo-cisternal structures, while after Figure 5 . Electron microscope localization of CD4 on Hela-CD4 (a and b) and HeLa/CD4-cyt402 cells (c). Cells were labeled on ice with 8 nM Leu3a (a and b) or OKT4 (c) followed by protein A-gold as described in Materials and Methods. Gold particles identify CD4 in coated pits (a and c) or coated vesicles (by arrows) . Scale bars -100 nm . Table 1 . Distribution of Gold-labeled CD4 on HeLa-CD4 Cells Distributions of Leu3a/protein A-gold particles were analyzed as detailed in the text .
Only particles observed immediately adjacent to the clathrin coat were counted in this category. Particles close to the entrance of deep invaginations but not adjacent to the clathrin lattice (e .g ., the two particles in Fig. 5 c) were counted as noncoated plasma membrane .
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Endocytosis of CD4 30 min, 48% of all gold particles were found inside the cells. This level of intracellular gold labeling is similar to the amounts of CD4 internalized in biochemical experiments (compare with reference 16 and above) . After 5-30 min at 37°C there was a decrease in the proportion of gold particles observed in coated pits. Experiments using 125 I-labeled antibody, together with detection of protein A-gold by silver enhancement suggest that this is a consequence of the dissociation of the protein A-gold reagent and does not reflect depletion of CD4 from coated pits. The electron microscopy experiments thus confirm that CD4 is internalized in the transfected HeLa cells, and indicate that this internalization involves coated pits. If the halflife of a coated pit at the cell surface is assumed to be til-2 min (27, 37, 38), and the amount of CD4 observed in coated pits is 4.5% of the cell surface pool, then coated vesicles can account for all of the CD4 endocytosis (2% per min ; see also reference 16) observed in Hela-CD4 cells .
While the low densities of CD4 on H1160 cells precluded similar analysis, electron microscopy was used to examine CD4 distributions on the lymphocytic cell lines SupTl and CEM . In agreement with the low levels of CD4 uptake in these cells (see above), Leu3a/protein A-gold complexes were observed very infrequently in coated pit structures . Less than 0 .6% of all gold particles counted were found in coated pits, and a complete quantitative analysis was not practicable.
Quantitative Analysis of the Endocytic Capacity in Lymphocytes. To determine the endocytic capacity of the different cell types, we measured fluid phase endocytosis in SupT1, CEM, and HeLa-CD4 cells using HRP (27, 39) . As previously described for other cell types (27, 40, 41), fluid phase uptake of HRP showed curvilinear kinetics. Analysis of the rates of fluid phase endocytosis at early times (up to 10 min), when recycling is negligible and uptake linear, revealed that the lymphocytic cell lines internalized about half as much fluid per microgram cell protein as the HeLa-CD4 cells (Table  2) . When calculated on a per cell basis, HeLa-CD4 cells accumulated ti 15 times as much HRP as the SupT1 and CEM cells. However, the HeLa-CD4 cells are much larger than the lymphocytic cells: Morphometric analysis indicated that the mean cell volumes' f fixed and plastic-embedded SupTl and HeLa-CD4 cells were 490 and 3,160 14m 3 , respectively. As our previous studies have suggested that the majority of fluid phase endocytosis occurs through coated pits and coated vesicles (27, 38) , and the results presented here indicate that CD4 is internalized via coated vesicles, we also measured coated pit densities for the three different cell types . This revealed that the proportion of the plasma membrane which had clathrin coats was 1 .57, 1 .59, and 1 .18% on SupTl, CEM, and HeLa-CD4 cells, respectively. Thus, the proportion of coated membrane was comparable between the lymphocytic and the HeLa-CD4 cells. Coated pit densities of 1-2% have also been reported for a variety of other cell lines (27, 37, 43) .
In addition to the rates of vesicle formation, the relative sizes of the endocytic compartments in lymphoid and HeLa cells may also influence endocytosis measurements . The CD4 endocytosis assays described above rely on the appearance of an intracellular acid-or trypsin-resistant pool of tracer. Thus a proportionally smaller endosome compartment in lymphocytes could account for an apparent lower level of CD4 endocytosis. Since immunofluorescence and electron microscopic localization, and preliminary cell fractionation experiments suggest that CD4 is internalized into endosomes (our un- published results), we measured the size of the endosome and lysosome compartments in one of the lymphocytic cell lines . SupT1 cells were incubated for 5 min or 4 h in medium containing HRP. Under these conditions, the label is either restricted to endosomes, or penetrates the entire endocytic pathway, respectively (27). The compartment sizes were then measured using established morphometric methods, and compared to the values previously derived for BHK-21 cells (27, 33) . The results of this analysis (Table 3) indicated that the volume of the endosome compartment represented a similar proportion of the cytoplasmic volume in both SupT1 and BHK cells . Furthermore, the surface area of the endosome compartment was 16 and 20% of the surface area of the plasma membrane in the two cell types, respectively. While HeLa-CD4 cells were not directly evaluated in this analysis, similar numbers have been derived for several other cell lines, including NRK and MDCK (44, 45) , suggesting that endosomal dimensions are very similar in a variety of cell types . Collectively the fluid phase endocytosis measurements and morphometric analysis indicated that the endocytic capacities of HeLa-CD4 and lymphoid cells are very similar and do not explain the very different levels of CD4 endocytosis . The low levels of CD4 endocytosis observed in the lymphocytic cell lines may instead reflect differences in the ability of CD4 to interact with the endocytic coated pits in the different cell types .
Internalization o .f Cytoplasmic-deleted CD4 Molecules. CD4 is an integral membrane glycoprotein and contains a cytoplasmic domain of 38 amino acids (46) . We investigated the role of the cytoplasmic domain in CD4 endocytosis using several transfected cell lines . He1,a/CD4-cyt402 cells (20) have been transfected with a mutant form of CD4, which lacks the bulk of the cytoplasmic domain (amino acids 403-433), leaving only seven cytoplasmic amino acids. In addition, we have used derivatives of the CEM cell line, A2.01, which do not express wild-type CD4 (47), but have been transfected with mutant forms of CD4 lacking 32 or 34 cytoplasmic amino acids (A2 .01/CD4-cyt401 and A2 .01/CD4-cyt399, respectively ; reference 23) .
When endocytosis was measured on HeLa/CD4-cyt402 cells using 125 1-Leu3a (Fig. 6 a) , a time-dependent increase in the level of acid-resistant tracer was observed, which reached a plateau after x+60 min . Thus, as with wild type CD4, the transfected CD4-cyt402 mutant was internalized in HeLa cells . Furthermore, while the rate of internalization (1%/min) and the steady-state levels of internalized CD4-cyt402 (17 ± 3% of total cell associated label, n = 3) were about half those observed on HeLa-CD4 cells (16), they were significantly greater than those of SupT1 cells (above) . As with intact CD4, the plateau of internalized CD4-cyt402 was due to recycling of the internalized CD4 (data not shown) . Endocytosis of 125 1-Leu3a on HeLa/CD4-cyt402 cells was not induced by the bivalent antibody tracer, since it was also observed when these cells were surface biotinylated and CD4 endocytosis measured after warming, trypsinizing, and immunoprecipitating as described above (Fig. 6 b) .
The route of internalization of the cytoplasmic deleted molecules was studied by electron microscopy by labeling HeLa/ 58 2 Endocytosis of CD4 CD4-cyt402 at 0--4°C with the monoclonal antibody OKT4 and protein A-gold. HeLa/CD4-cyt402 cells express two to three times more CD4 per cell than HeLa-CD4 cells (data not shown), and were found to be very prominently labeled with protein A-gold (150-200 particles per cell profile) . Quantitative analysis of the distribution of the gold particles indicated that in cells kept over ice, 1,174 out of 1,190 gold particles counted (98 .7%) were on the plasma membrane and microvilli . In addition, 14 gold particles (1.2%) were seen adjacent to coated areas of the plasma membrane (Fig . 5 c) . This density of CD4-cyt402 in coated pits corresponds closely with the proportion of coated plasma membrane in HeLa cells (compare with above), suggesting that the tailless CD4 is not concentrated in coated pits but enters cells passively as part of the bulk membrane flow. The reduced proportion of CD4-cyt402 in coated pits, compared to wild-type CD4 (compare with Table 1 ), is in agreement with the different rates of uptake of the two molecules measured biochemically (16) . Since HeLa/CD4-cyt402 cells internalized the mutant CD4 and, significantly, had higher levels of CD4 endocytosis than lymphocytic cells, it was important to examine the internalization of truncated CD4 molecules in transfected lymphocytic cell lines . Analysis of CD4 trafficking using the 1251- antibody endorytosis assay on the A2.01/CD4-cyt399 and A2.01/CD4-cyt401 cells showed that tailless CD4 molecules were also internalized (Fig. 7) . The truncated CD4 molecules were taken up at a rate of 1-1 .3%/min, reaching steady state with 28 and 21% CD4 inside the A2.01/CD4-cyt399 and A2.01/CD4-cyt401 cells, respectively. These figures are very similar to the levels of tailless CD4 internalization in HeLa/CD4-cyt402 cells. By contrast, the A3.01 cell line, from which A2.01 cells were derived (47) and which expresses wild type CD4 (23), showed very low levels of CD4 endocytosis, similar to those observed in SupTI cells (Fig. 7 b) .
The distribution of CD4 on the A2.01/CD4-cyt401 cells was also studied by electron microscopy. After labeling with Leu3a and protein A gold, the A2.01/CD4-cyt401 cells contained -20 gold particles per cell profile. As with the HeLa/CD4-cyt402 cells, quantitative analysis of the distribution of the gold particles showed that 16 out of 1,078 gold particles counted (1.5%) were adjacent to coated areas of the plasma membrane. Again, this density of truncated CD4 molecules in coated pits corresponds with the proportion of coated plasma membrane .
Thus both lymphoid and nonlymphoid cells internalized tailless CD4 molecules to similar levels, confirming that the endocytic capacities of these cells are similar. these results indicate that the cytoplasmic domain of CD4 is involved in permitting or preventing CD4 internalization in nonlymphoid and lymphoid cells, respectively.
Discussion
In this paper we have shown that the T cell differentiation antigen CD4, when transfected into HeLa cells or naturally expressed in HIr60 cells, is constitutively endocytosed and recycled both in the presence and absence of antibody ligands. While the rates of internalization observed were lower than those of rapidly endocytosed molecules such as the receptors for low density lipoprotein (48) or transferrin (49), a significant proportion (-40%) of the CD4 was located in an endosomal compartment at steady state. In contrast, CD4 endorytosis in several lymphocytic cell lines was very inefficient, since only 5-10% of the CD4 was internalized in assays using either 125 I-antibody or biotin labeling. The difference between the lymphoid and nonlymphoid cells was not due to the nature of the transfected CD4 in HeLa cells, since CD4 expressed from the same vector in a CD4 negative T cell line (RPMI 1640; reference 19) exhibited properties similar to those of CD4 normally expressed in lymphocytic cells.
To understand this difference in the endocytic properties of CD4, we examined the mechanism of CD4 internalization. Electron microscopic analysis of the CD4 distribution on HeLa-CD4 cells indicated that -4.5% of the CD4-immunogold complexes were adjacent to clathrin-coated areas of the plasma membrane. As coated pits accounted for n+1 .2% of the total plasma membrane area in these cells, this result suggests that the cytoplasmic domain of CD4 may interact with endocytic coated vesicle adaptors (50) and be enriched in coated pits. Furthermore, based on the estimated cell surface residence times of coated pits (1-2 min; references 27, 37, 38), our data indicate that coated vesicles can account for all of the CD4 endorytosis measured in transfected HeLa cells .
Similar analysis of the lymphocytic cells indicated that the proportion of CD4 associated withcoated pits was significantly lower than that observed in HeLa cells and suggested that the low level of CD4 endocytosis observed in lymphoid cells is due to the exclusion of CD4 from coated pits. This conclusion was supported by three further observations . First, morphometric and fluid phase endorytosis measurements of SupTI cells indicated that the relative endocytic capacities of the lymphoid cells and nonlymphoid cells were similar. Second, measurements of transferrin endocytosis indicated that the coated vesicle pathway was functionally active in the lymphoid cells (data not shown) . Third, cytoplasmic-deleted mutant CD4 molecules were internalized to a similar extent in both transfected HeLa and lymphoid cells.
How can CD4 be excluded from coated pits on the lymphoid cells? Lymphocytes and HeLa cells may have different coated vesicle adaptors (50) ; however, since the tailless CD4 molecules can be endocytosed in lymphocytes, an inability to bind to the adaptors is unlikely to exclude CD4 from coated pits. The failure of CD4 to enter endocytic coated vesicles in lymphocytes is most easily explained by the interaction of CD4 with another molecule or molecules. Comodulation and cross-'linking experiments suggest that at least a portion of the CD4 on T cells may be associated with the TCR/CD3 complex (51) (52) (53) (54) . However, the TCR/CD3 complex is itself constitutively internalized and recycled on lymphocytes (55, 56) , and is therefore unlikely to prevent CD4 endocytosis. Furthermore, MOLT-4 cells, which do not express cell surface TCR/CD3, show the same low levels of CD4 uptake observed on other T cell lines . The fact that cytoplasmicdeleted CD4 molecules were internalized equally efficiently when transfected into lymphocytic or HeLa cells suggests that the cytoplasmic domain of CD4 is involved in the exclusion of CD4 from coated pits in lymphocytes . As CD4 in lymphocytes is known to associate with the T cell specific tyrosine kinase p56kk (11, 12, 57, 58) , it may be that p56kk directly or indirectly regulates CD4 endocytosis . Indeed, we have been able to immunoprecipitate kinase activity in association with CD4 from lysates of CEM, but not HeLa-CD4 or H1,60 cells, or the A2.01/CD4-cyt399 and A2.01/ CD4-cyt401 cell lines (data not shown) . Furthermore, transfection of the lch gene into NIH-3T3-CD4 cells specifically inhibited endocytosis of CD4 (A. Pelchen-Matthews, I . Boulet, R . Fagard, and M . Marsh, manuscript in preparation) . The mechanism by which p56kk mediates this exclusion is at present unclear.
Collectively these data indicate that there are three distinct patterns of interaction between CD4 and cell surface coated pits, and that each pattern results in different rates of endocytosis and steady state levels of internalized CD4 . First, CD4 alone, through its cytoplasmic domain, has a weak but definite interaction with the coated vesicle adaptors . This leads to relatively efficient endocytosis of the molecule in nonlymphoid cells, and significant levels of internalized CD4 (40%) at equilibrium. Deletion of the cytoplasmic domain reveals the second, default pathway ; the truncated CD4 molecules follow the basal endocytic membrane trafficking in both transfected lymphocytes and nonlymphoid cells . The rate of uptake is reduced, and the equilibrium pool of internalized material is proportional to the ratio of the surface areas of the endosome and plasma membranes . Third, in lymphocytes, CD4 is largely excluded from coated pits, presumably by its interaction with the p56kk molecule, and only 5-10% of the CD4 is found intracellularly at equilibrium . These patterns of CD4 endocytosis suggest that plasma membrane proteins require specific signals either to direct their inclusion in coated pits and endocytosis (59), or to prevent their entry into coated pits . Molecules lacking both signals such as the tailless CD4, are neither included in nor excluded from coated pits and enter cells as components of the bulk membrane traffic. In agreement with this suggestion, low rates of endocytosis have been reported for other cytoplasmic-deleted molecules, including the immunoglobulin Fc receptor II (60) and the transferrin receptor (61) .
The observation that CD4 endocytosis in HL60 cells closely resembles that in transfected adherent tissue culture cells indicates that the different patterns of CD4 endocytosis may also occur in cells normally expressing CD4 and hence in vivo. While the function of CD4 on cells of the macrophage/monocyte lineage is not clear, CD4 on T cells binds MHC-II and, together with p56kk, appears to be directly involved in signal transduction . Although it is unclear how the T cell lines studied here relate to the different stages in T cell ontogeny in vivo, a role for CD4 internalization in T cell function can be proposed . T cell stimulation by phorbol esters, which mimics activation through protein kinase C, causes dissociation of CD4 and p56kk (62) and leads to CD4 endocytosis and downregulation (13) (14) (15) . Similar effects may be induced during stimulation by anti-CD3 antibodies or by antigen . Binding experiments with T cell clones and artificial target cells bearing MHC-II have demonstrated that cell-cell adhesion is a dynamic process, with an adhesion phase followed by release (7) . The release phase may be driven by the endocytic depletion of cell surface CD4, and render lymphocytes latent to additional activating signals .
In addition to its function in the immune system, CD4 is used as a receptor by HIV and may play multiple roles in AIDS. First, despite the extensive mapping of the interaction between the HIV surface glycoprotein gp120 and CD4, the subsequent events in virus entry which lead to fusion of the viral envelope with a cellular membrane (63) are unclear. HIV fusion is pH-independent (64, 65) and can potentially occur at the cell surface or within endosomes. HIV particles have been observed in endocytic vesicles and it has been argued that the endocytic pathway provides the primary route to productive infection (66) . It is noteworthy that in all the CD4+ cell lines we have studied, and with a number of CD4 mutants, we have observed some constitutive endocytosis of CD4 . The levels of CD4 endocytosis were relatively high in the promyelocytic HL60 cells, which may have relevance to the role of macrophages or monocytes as reservoirs for HIV (67) . Furthermore, in the lymphocytic cell lines, where CD4 internalization is normally slow, the virus itself may stimulate CD4 uptake . Gp120 has been shown to cause CD4 phosphorylation (68) , and may thereby induce p56U dissociation, CD4 internalization, and T cell stimulation (69) . Alternatively, crosslinking of CD4 through multivalent interactions with gp120 on the virus particle may also induce CD4 internalization. Second, in HIV infected individuals, endocytic processes induced by the interaction of CD4 and gp120 may trigger the T cell anergy (70) that is proposed to contribute to the onset of AIDS.
A detailed knowledge of the control of CD4 levels at the cell surface and the pathways and regulation of CD4 endocytosis will thus be important in understanding the role of CD4 in T cell function . In addition, it may provide further insights into not only the processes involved in HIV infection and AIDS, but also the mechanisms of action of membraneassociated tyrosine kinases.
